Abstract The aim was to study the genotoxic effect of high concentration of thyroxine (T 4 ) in vivo in peripheral blood lymphocytes (PBL) of the patients suffering from thyroid disorders. The effect was compared by performing in vitro experiments with addition of increasing concentration of T 4 (0.125-1 lM) in whole blood samples from healthy donors. Cytokinesis-blocked micronuclei (CBMN) assay method was used to assess the DNA damage in the PBL. The study included 104 patients which were grouped as control (n = 49), hyperthyroid (n = 31) and hypothyroid (n = 24). A significant increase in micronuclei (MN) frequency was observed in hyperthyroid patients when compared with the hypothyroid and euthyroid group thereby suggesting increased genotoxicity in hyperthyroidism (p \ 0.001). A significant increase in MN frequency was observed at T 4 concentration of 0.5 lM and above when compared to lower T 4 concentrations (0.125 and 0.25 lM) and basal in in vitro experiments (p = 0.000). The results indicate that the T 4 in normal concentration does not exhibit the genotoxic effect, as observed in both the in vivo and in vitro experiments. The toxicity of T 4 increases at and above 0.5 lM concentration in vitro. Therefore acute T 4 overdose should be handled promptly and effectively so as to avoid the possible genotoxic effect of high concentration of T 4 in vivo.
Introduction
Thyroid hormones are essential for normal development and growth of the body and are involved in regulation of basal metabolic rate (BMR) and oxidative metabolism [1] . Normal concentration of thyroid hormones is crucial for regular functioning of the body and do not show any deleterious effects [2] . However higher levels of these hormones have shown to change the activity of mitochondrial respiratory chain enzymes which may result in increased reactive oxygen species (ROS) production [3] [4] [5] [6] . It has been observed that higher concentration of thyroid hormones similar to what is found in severely hyperthyroid patients may cause DNA damage in cells [7] . Further in vitro work done to study the effect of thyroxine (T 4 ) has shown positive effect on sister chromatid exchange (SCE) but failed to show similar effect with chromosomal aberration (CA) and micronuclei (MN) assay which would have proved mutagenicity of T 4 [2] . Thyroid hormones have shown increase in DNA damage in purified human lymphocytes by using comet assay and damage can be reduced by the antioxidant enzyme catalase, suggesting the genotoxic effects of thyroid hormones could be due to generation of ROS [8] .
In hypothyroid state where T 4 concentration is less than adequate, no major alterations in cellular oxidative stress is observed by many investigators [5, 9, 10] . Two major pathways have been suggested by which hypothyroid state can offer protection, viz GSH synthesis and mild immunosuppression [11] [12] [13] .
However, most of the studies done on the genotoxicity of T 4 are either carried out in vitro or by using animal models supplemented with T 4 [2, 7, 14] . AlFaisal et al. have demonstrated the increase in peripheral blood lymphocytes (PBL) MN frequency in thyroid cancer and toxic goiter patients in comparison to healthy control and hypothyroid patients [15] . We have carried out the study to investigate the DNA damage by using MN assay in PBLs of patients suffering from hypothyroidism as well as hyperthyroidism.
In addition we have tried to simulate the similar situation in vitro as observed in clinically hyperthyroid patients by adding increasing concentrations of T 4 in blood of healthy donors and study the MN frequency to see the extent of DNA damage in PBLs with high T 4 concentration.
Materials and Methods

Subjects
Total 104 subjects were included in the study. Out of these 49 were euthyroid, 24 hypothyroid and 31 were hyperthyroid clinically as well as biochemically. All the study subjects were patients visiting Radiation Medicine Centre for their thyroid check-up or the follow-up. General health characteristics such as age, sex, use of any other drug or disease (other than thyroid) were recorded while collecting the blood samples. Informed consent was obtained from all the subjects before collection of the blood sample. The study was approved by the Institutional Ethics Committee.
Methods
Serum levels of T 4 and thyroid stimulating hormone (TSH) were obtained from all subjects to confirm the clinical diagnosis of thyroid dysfunction before including them in the study. Serum T 4 was estimated by using in-house radioimmunoassay (RIA) technique. Serum TSH was performed by immunoradiometric assay (IRMA) technique using commercially available kits from Board of Radiation and Isotope Technology (BRIT), Vashi, Navi Mumbai, India.
Blood samples of all the patients were processed for estimation of MN frequency by using cytokinesis-blocked micronuclei (CBMN) assay technique. Similarly, MN frequency was also estimated in an in vitro study using blood samples obtained from three female non-smoker healthy donors with mean age 27.3 ± 9.8 years.
Cytokinesis-Blocked Micronuclei Assay
MN assay was performed by using cytokinesis-blocked technique in PBL's as previously described [16] . Briefly, whole blood cultures were set up by adding 0.5 ml of heparinized blood into 4.5 ml of Iscove's modified Dulbecco's medium (Gibco, USA) supplemented with 10 % heat inactivated fetal calf serum. Lymphocytes were stimulated by adding 40 lg/ml phytohaemagglutinin (PHA-M, Sigma Aldrich, USA). At 44 h the cytokinesis was blocked by adding 6 lg/ml cytochalasin-B (Sigma Aldrich, USA) in the whole blood culture. Cytochalasin-B generated binucleated cells by inhibiting actin-mediated cytokinesis, thereby preventing cells from completing division. At 72 h of incubation, the cultures were harvested by resuspending the cells with hypotonic solution (0.8 % potassium chloride). The cells were treated with fresh Carnoy's fixative (methanol:acetic acid, 3:1). After three washes with fixative, the cells were dropped onto ice cold clean microscopic slides, air dried and stained with Giemsa (Sigma Chemical Co. USA). Each slide was screened manually under the microscope for the presence of MN in at least 1000 binucleated (BN) lymphocytes with well preserved cytoplasm.
In Vitro Effect of T 4 Concentration on Micronuclei Frequency
Heparinised whole blood samples were obtained by venipuncture from three healthy donors with no medication. Human PBL cultures were set up as per the protocol stated earlier. Increasing concentration of T 4 was added in cultivation vials before the initiation of culture incubation to study the effect of increasing concentration of T 4 on MN frequency. T 4 (Sigma Chemical Co. USA) was dissolved in dimethylsulfoxide (DMSO) and added to the vials so as to obtain final concentration of 0.125, 0.25, 0.5 and 1.0 lM. Mitomycin-C (MMC), a known mutagen, obtained from Biochem Pharmaceutical Industries Ltd, India was used in the cultures with concentration of 0.1 lg/ml to represent a positive control, while DMSO (0.8 % v/v) served as a negative control. All the samples of in vitro experiment were processed in replicates. The cultures were harvested by using the similar procedure stated earlier and the slides were prepared and scored for the presence of MN in at least 1000 BN cells.
Statistical Analysis
The mean MN frequency was compared for different groups by using ANOVA with correction for multiple comparison. All results are presented with 95 % confidence interval. Table 1 shows the preliminary data on age, gender and the primary investigation such as serum levels of T 4 and TSH in all the 104 study population. The concentration of serum T 4 and TSH confirmed the clinical diagnosis of the individual patient which ultimately helped the clinicians to treat them accordingly. We were further interested in confirming our observations of increased MN frequency in PBLs of hyperthyroid patients by creating an in vitro hyperthyroid condition by adding increasing concentrations of T 4 in PBLs of three healthy donors. Gradual increase in MN frequency was observed in all the three donors with T 4 concentration ranging from 0.125 to 1.0 lM thereby indicating increase in DNA damage in presence of excess T 4 concentration in vitro (Table 2 ). However increase in MN frequency in BN cells reached statistical significance at 0.5 and 1.0 lM concentration of T 4 when compared with their baseline and negative control (Table 2) .
Results
Additionally we have also observed the cytotoxic and cell-cycle delay effect of T 4 by using the same slides from all the three donors. Cytokinesis-block proliferation index (CBPI) showed decreasing trend as the T 4 concentration increases ( Table 2 ). The T 4 concentration of 0.5 and 1.0 lM showed significant decrease in CBPI in comparison to baseline values in all the three donors ( Table 2 ).
Discussion
Thyroid hormones are known to alter the basal metabolic rate of the body and in turn also control the ROS generation in the cell [3] [4] [5] [6] .Relationship between oxidative stress, excessive ROS generation and hypo as well as hyperthyroidism has been explored in the past [5, 6, 9, 10, [17] [18] [19] [20] [21] [22] . Oxidative stress due to excessive ROS generation is known to be one of the underlying cause of the cellular DNA damage, however very few studies are available regarding the relationship between the presence of DNA damage and hypo or hyperthyroid condition [23] . In the present study we have tried to see the effect of hypo and hyperthyroid state on the extent of DNA damage by measuring the MN frequency in PBL, in vivo as well as in vitro. In the present study hypothyroid group did not demonstrate any change in the MN frequency when compared with the euthyroid controls thereby indicating absence of genotoxic effect in hypothyroid condition. AlFaisal et al., in their study of Iraqi population have reported no change in MN frequency in hypothyroid patients when compared with euthyroid group suggesting absence of significant DNA damage in PBLs under hypothyroid condition [15] . This is in agreement with our observations. Hypothyroidism is generally associated with the lowering of the metabolic rate which may lower the rate of ROS production [5, 9, 10] . This may result in lack of significant DNA damage in PBLs of hypothyroid patients.
We have explored the effect of hyperthyroid condition in patient population on genetic stability and observed significant increase in MN frequency in PBL indicating notable DNA damage. Equivocal and few reports about genotoxicity and hyperthyroid conditions in patient population are available in literature [15, 23, 24] . Thakkar et al. in their study in mixed patient population of thyroid disorders and diabetes mellitus did not observe any effect of hyperthyroidism on DNA damage while AlFaisal et al. have observed increase in PBL MN index in hyperthyroid conditions [15, 24] . However the effect observed by Thakkar et al. was not solely the result of thyroid disorders as it was also accompanied by diabetes mellitus [24] .
In vitro experiments set up in the present study to substantiate the in vivo observations about genotoxic effect of hyperthyroidism demonstrated increased MN index in PBLs in vitro at and above 0.5 lM T 4 concentration indicating possibility of considerable DNA damage at such high T 4 concentration. Increased frequency of sister chromatid exchange and lack of increase in PBL MN frequency in presence of higher T 4 concentration in vitro has been reported by Djelic et al. [14] . However excessive thyroid hormones have been shown to demonstrate increased DNA damage in human lymphocytes and sperm by comet assay and the reduction of the same in presence of enzyme catalase and flavonoids indicating role of ROS in inducing DNA damage [7, 8] . Mihara et al. in their in vitro experiments with PBLs of healthy volunteers and Graves disease patients have also noted increased DNA damage as shown by excessive DNA laddering and subsequent cell apoptosis in vitro when these cells were co cultured with higher T 4 concentrations [23] . They have reported reduction in mitochondrial transmembrane potential and production of ROS both of which are intimately associated with apoptotic cell death [23] . Similarly increase in PBL apoptosis was observed in Graves disease patients. They have observed reduction in expression of antiapoptotic Bcl-2 protein which was clearly reduced in lymphocytes co cultured with excess of thyroid hormone. Interestingly in the present study significant reduction in CBPI index was noted in PBLs at higher T 4 concentrations in vitro experiments which could be due to increased apoptosis at high T 4 concentration.
In summary we have observed increase in MN index in PBL's of hyperthyroid patients having high levels of thyroid hormones in circulation. Similarly increase in MN frequency was observed in vitro at higher T 4 concentrations of 0.5 and 1 lM in comparison to their baseline levels (p = 0.001 and p \ 0.001 resp.). However the low concentration of 0.125 and 0.25 lM did not cause significant changes in MN frequency thereby showing no cytotoxic effect of T 4 at normal concentration.
In conclusion, the regular T 4 replacement therapy given to patients to maintain the euthyroid status need not cause any genotoxic effects in patients. However, acute T 4 overdose should be handled promptly and effectively so as to avoid the possible genotoxic effect of high concentrations of T 4 in vivo. 
